The adrenal medulla receives its major presynaptic input from sympathetic preganglionic neurons that are located in the intermediolateral (IML) column of the thoracic spinal cord. The neurotrophic factor concept would predict that these IML neurons receive trophic support from chromaffin cells in the adrenal medulla. We show here that adrenal chromaffin cells in the adult rat store neurotrophin (NT)-4, but do not synthesize or store detectable levels of BDNF or NT-3, respectively. Preganglionic neurons to the adrenal medulla identified by retrograde tracing with fast blue or Fluoro-Gold (FG) express TrkB mRNA. After unilateral destruction of the adrenal medulla, 24% of IML neurons, i.e., all neurons that are preganglionic to the adrenal medulla in spinal cord segments T7-T10, disappear. Administration of NT-4 in gelfoams (6 g) implanted into the medullectomized adrenal gland rescued all preganglionic neurons as evidenced by their presence after 4 weeks. NT-3 and cytochrome C were not effective. The action of NT-4 is accompanied by massive sprouting of axons in the vicinity of the NT-4 source as monitored by staining for acetylcholinesterase and synaptophysin immunoreactivity, suggesting that NT-4 may enlarge the terminal field of preganglionic nerves and enhance their access to trophic factors. Analysis of TrkB-deficient mice revealed degenerative changes in axon terminals on chromaffin cells. Furthermore, numbers of FG-labeled IML neurons in spinal cord segments T7-T10 of NT-4-deficient adult mice were significantly reduced. These data are consistent with the notion that NT-4 from chromaffin cells operates through TrkB receptors to regulate development and maintenance of the preganglionic innervation of the adrenal medulla.
The adrenal medulla receives its major presynaptic input from sympathetic preganglionic neurons that are located in the intermediolateral (IML) column of the thoracic spinal cord. The neurotrophic factor concept would predict that these IML neurons receive trophic support from chromaffin cells in the adrenal medulla. We show here that adrenal chromaffin cells in the adult rat store neurotrophin (NT)-4, but do not synthesize or store detectable levels of BDNF or NT-3, respectively. Preganglionic neurons to the adrenal medulla identified by retrograde tracing with fast blue or Fluoro-Gold (FG) express TrkB mRNA. After unilateral destruction of the adrenal medulla, 24% of IML neurons, i.e., all neurons that are preganglionic to the adrenal medulla in spinal cord segments T7-T10, disappear. Administration of NT-4 in gelfoams (6 g) implanted into the medullectomized adrenal gland rescued all preganglionic neurons as evidenced by their presence after 4 weeks. NT-3 and cytochrome C were not effective. The action of NT-4 is accompanied by massive sprouting of axons in the vicinity of the NT-4 source as monitored by staining for acetylcholinesterase and synaptophysin immunoreactivity, suggesting that NT-4 may enlarge the terminal field of preganglionic nerves and enhance their access to trophic factors. Analysis of TrkB-deficient mice revealed degenerative changes in axon terminals on chromaffin cells. Furthermore, numbers of FG-labeled IML neurons in spinal cord segments T7-T10 of NT-4-deficient adult mice were significantly reduced. These data are consistent with the notion that NT-4 from chromaffin cells operates through TrkB receptors to regulate development and maintenance of the preganglionic innervation of the adrenal medulla.
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Chromaffin cells are neuroendocrine cells of neural crest origin. They share a number of features in common with sympathetic neurons, but require signals for their differentiation that are distinct from signals regulating differentiation of sympathetic neurons (Anderson, 1992; Unsicker, 1993) . Sympathetic neurons in paravertebral sympathetic ganglia express the neurotrophin receptor TrkA and require nerve growth factor (NGF) for their development, differentiation, and maintenance (Snider, 1994) . In turn, sympathetic neurons synthesize brain-derived neurotrophic factor (BDN F) (C ausing et al., 1997) as well as other unidentified factors (see Discussion) for their preganglionic neurons that are located in the intermediolateral column (IML) of the spinal cord. In contrast, chromaffin cells, which also express TrkA (Schober et al., 1997) , do not depend on NGF for their development and maintenance (Bode et al., 1986; Schober et al., 1997) . Instead, chromaffin cells are widely assumed to require glucocorticoid hormones for both early and late steps of their development (cf. Cole et al., 1995) . Factors made by chromaffin cells that are of physiological importance for the maintenance of their preganglionic neurons have not been identified. Whether chromaffin cells, like sympathetic neurons, synthesize BDNF is not known.
IML neurons that innervate rat adrenal chromaffin cells are concentrated in spinal cord segments T7-T10 (Schramm et al., 1975) , where they account for ϳ25% of the total population of IML neurons present in these segments (Blottner and Baumgarten, 1992a ). In the adult rat, these neurons shrink and disappear after destruction of their target organ, the adrenal medulla (Blottner et al., 1989a,b; Blottner and Unsicker, 1990) . Several growth factors that are synthesized and released by chromaffin cells have previously been shown to have a capacity to protect, directly or indirectly, target-deprived IML neurons from death. These include fibroblast growth factor-2 (FGF-2) (Blottner et al., 1989b, Blottner and , ciliary neurotrophic factor (CNTF) (Blottner et al., 1989a) , and transforming growth factor-␤2 (TGF-␤2) (Blottner et al., 1996) . A physiological role for these factors, however, has not been shown. Although the adult rat adrenal gland is known to synthesize the neurotrophins BDNF, NT-3, and NT-4 (Timmusk et al., 1993; Suter-Crazzolara et al., 1996) , neurotrophin synthesis and storage by chromaffin cells has not been documented. Furthermore, a role for putative chromaffin cell-derived neurotrophins in regulating IML neuron differentiation and maintenance has not been demonstrated.
The present study demonstrates a key role for N T-4 by showing that the protein is present in chromaffin cells, and the cognate receptor for N T-4, TrkB, is expressed by preganglionic neurons projecting to the adrenal medulla. Preganglionic neurons in spinal cord segments T7-T10 that project to the adrenal medulla are lost after adrenomedullectomy, but can be specifically protected by supplementation of N T-4 to the lesioned adrenal gland. The mechanism underlying the protective actions of N T-4 appears to involve axonal sprouting of lesioned preganglionic neurons. Analyses of TrkB-and N T-4-deficient mice corroborate the notion that N T-4 and TrkB are important in the regulation of development of preganglionic axons to the adrenal medulla and in maintaining an appropriate number of preganglionic neurons innervating the adrenal medulla.
MATERIALS AND METHODS
Animals. Eighty-five Hanover-Wistar male rats (250 gm) and 12 female Sprague Dawley rats (200 gm; for retrograde transport studies of radiolabeled N T-4) were used. They were kept under standard laboratory conditions with food and water ad libitum and a 12 hr light /dark cycle. In addition, three TrkB (Ϫ/Ϫ) mice [postnatal day (P) 12] and three corresponding wild-type littermates [for details, see Schober et al. (1997) ] as well as seven N T-4 (Ϫ/Ϫ) mice (adult) and six wild-type mice [for details, see Liu et al. (1995) ] were used.
Adrenomedullectomy. Rats were deeply anesthetized by an intraperitoneal injection of 5% chloral hydrate (1 ml /100 gm body weight). The left adrenal gland was exposed retroperitoneally and medullectomized by electrocauterization using a fine needle electrode (diameter 0.5 mm) that was connected to a radiotome (Martin M E 80). The free tip of the isolated electrode was inserted caref ully through the cortex into the adrenal medulla. The coagulation was performed by a brief pulse. To test the completeness of the chromaffin tissue destruction, histological control examinations were performed. Thereafter a small piece (1 mm 3 ) of gelfoam (Spongostan, Ferrosan, Soeburg, Denmark) soaked with neurotrophin-3 [N T-3, 2 g /gelfoam (kindly provided by Genentech, Inc., San Francisco)], neurotrophin-4 [N T-4, 2 or 6 g /gelfoam (kindly provided by Genentech)], or cytochrome C (C yt C) (2 or 6 g /gelfoam, Serva Feinbiochemica, Heidelberg, Germany) was implanted into the wound cavity and covered by a small drop of tissue glue (Roth GmbH).
Fluoro-Gold labeling and tissue preparation. It has been shown previously that intraperitoneal (i.p.) injection of the fluorescent tracer FluoroGold (FG) labels the entire population of viable sympathetic preganglionic neurons in the adult rat spinal cord (Anderson and Edwards, 1994) . T wenty-six days after unilateral adrenomedullectomy, 400 l of FG (0.2%, Fluorochrome Inc.) was injected intraperitoneally, and 48 hr later animals were reanesthetized and transcardially perf used with freshly prepared 4% paraformaldehyde (PFA). Thereafter the upper thoracic spinal cord was exposed, and spinal cord segments T7-T10 and the operated side were marked. Adrenal glands were removed for monitoring completeness of the medullectomy. After 12 hr of post-fixation (4% PFA), longitudinal serial sections of the spinal cord were performed on a vibrating blade microtome (Leica, V T 1000 E), collected free floating, and mounted on gelatin-coated slides.
Retrograde labeling using fast blue or Fluoro-Gold. To determine the total number of sympathetic preganglionic neurons that innervate adrenal chromaffin cells, the retrograde tracers fast blue (FB) or FG (see above) were injected into the adrenal medulla (5 l of 2% aqueous solution; Sigma, St. L ouis, MO). Alternatively, intraperitoneal injections of FG (as described above) were combined with FB-retrograde tracing from the adrenal medulla. Three days after injection, animals were perf used, and spinal cord segments T7-T10 were removed and postfixed. Vibratome sectioning was performed as described before.
Quantitative anal ysis. Numbers of FB-and FG-labeled preganglionic neurons were determined by cell counts of a complete series of horizontal sections through the IML column of the upper thoracic spinal cord (T7-T10). In all animal groups (N T-3, N T-4, and C yt C), counts were performed on the left (operated) and right (control) sides. Shamoperated and untreated animals were used to determine the left /right ratio of total numbers of FG-labeled IML neurons. Neuron counts on the right side (control side) were set as 100%. Sections were examined by a Z eiss Axiophot fluorescence microscope using a UV filter set (Z eiss, excitation filter: 390 -420 nm; barrier filter: 425-450 nm). Only brightly fluorescent IML neurons containing a clearly visible nucleus were counted. Total numbers were corrected for possible double counts of split nuclei according to Abercrombie's formula (Konigsmark, 1970) . Results are given as mean values in percent SE (SEM) and tested for statistical significance of side differences by Student's t test.
Immunoc ytochemistr y. Perf used adrenal glands were cryoprotected overnight (30% sucrose) and cut on a cryostat (10 m). Sections were then mounted on gelatin-coated slides, dried at room temperature for 30 min, and placed in 0.1 M phosphate buffer (PB), pH 7.4. Spinal cord segments (T7-T10) were cut longitudinally (30 m) on a vibrating slide microtome (V T 1000 E, Leica). Nonspecific binding sites were blocked by preincubation with 5% normal goat serum (polyclonal antibody) or normal horse serum (monoclonal antibody) containing 0.1% Triton X-100 diluted in PB for 1 hr at room temperature. Sections were immunostained as follows: (1) Cryosections of medullectomized adrenal glands [for details, see acetylcholinesterase (AChE) histochemistry] were processed for synaptophysin immunocytochemistry (SV P-38, Sigma). Briefly, incubation times and dilutions were as follows: (1) incubation with monoclonal antisynaptophysin antibody, diluted 1:200 in PB, for 24 hr at room temperature; (2) incubation with biotinylated anti-mouse IgG (diluted 1:200 in PB, Vector) for 2 hr at room temperature; and (3) incubation with C y3-conjugated streptavidin (Jackson, diluted 1:1000) for 2 hr at room temperature. Controls were performed by (1) preabsorbing the antibody to a 20-fold molar excess of the antigen, or (2) using the corresponding normal serum, or (3) omitting the respective antiserum. Finally, all section were rinsed three times in PB, dried, and embedded in Kaiser's glycerol gelatin.
In situ hybridization of TrkB, TrkC, BDNF, and NT-3 mR NAs. In situ hybridization was performed as described earlier (Kahane and Kalcheim, 1994) . Wistar rats of different developmental ages [embryonic day (E) 16, E21, P5, adult] were anesthetized and perf used with 4% PFA. Adrenal glands and segments of the thoracic spinal cord were dissected, post-fixed (12 hr), and processed for paraffin embedding. Deparaffinized sections (7 m) were rehydrated and washed in 0.83% NaC l and PBS. Sections were then post-fixed for 10 min in 4% PFA, washed two times in PBS, and incubated for 30 min with proteinase K (20 g /ml in 50 mM Tris/0.5 M EDTA) followed by washes in PBS/0.2% glycine and PBS. Sections were again post-fixed for 10 min in 4% PFA, rinsed in PBS and distilled water, and thereafter incubated for 10 min in 0.0013% triethanolamine/ 0.0031% acetanhydride in 0.05N HC l. Finally, slides were washed in PBS and 0.83% NaC l, dehydrated, and air-dried.
Hybridization was performed in 50% Formamid, 0.3 M NaC l, 20 mM Tris, pH 7.5, 5 mM EDTA, 10% Dextransulfate, 1ϫ Denhardt's solution, 0.5 mg /ml total yeast tRNA, and 10 mM dithiothreitol (DTT) using 35 S-UTP-labeled cRNA probes (sense or antisense) of murine TrkB (HindII-fragment, 482 bp) and TrkC (NcoI-fragment, 433 bp) or BDN F (XbaI/PstI-fragment) and N T-3 (HindIII /SspI-fragment and SspI/SalIfragment, 420 and 218 bp, respectively). The N T-3 and BDN F probes were kindly provided by A. Lachmund (Anatomy and C ell Biology III, Heidelberg).
Sections were hybridized overnight at 60°C in a humidified chamber. The next day, slides were washed for 1 hr at 55°C in 2ϫ SSC, 50% Formamid, and 10 mM DTT and then for 1 hr at 55°C in 2ϫ SSC, 50% Formamid, and 10 mM DTT. Subsequently slides were rinsed three times for 10 min at 37°C in N TE-buffer (0.5 M NaC l, 10 mM Tris, 5 mM EDTA) followed by an incubation for 30 min at 37°C with 20 g /ml RNase A in N TE-buffer. After a 15 min processing in N TE-buffer, slides were washed for 1 hr at 55°C in 2ϫ SSC, 50% Formamid, and 10 mM DTT and then for 15 min at room temperature in 0.2ϫ SSC. After dehydration, sections were air-dried, coated with Kodak N TB-2 emulsion (diluted 1:1 in water), and exposed for 4 -8 weeks at 4°C. After developing, sections were counterstained with hematoxylin and eosin.
Retrograde a xonal transport of . Left adrenal glands of 12 anesthetized adult female Sprague Dawley rats were exposed for microinjection using a 10 l Hamilton syringe. One group (n ϭ 8) received intramedullary injections of 125 I N T-4 (human recombinant; 100 Ci/ g) in 2 l /adrenal (50 ng /l; injection rate 1 l /min); iodination was performed by Amersham Buchler (Braunschweig, Germany). A control group (n ϭ 4) received the same volume (2 l) consisting of ( 125 I)-N T-4 and a 20-fold excess of cold N T-4. After 18 hr (n ϭ 4) or 24 hr (n ϭ 8), respectively, animals were perf used, spinal cord segments T7-T10 frozen on dry ice, and horizontal serial cryostat sections (14 m) were collected on coated slides, processed for emulsion autoradiography (cf. Grothe and Unsicker, 1992) , and counterstained with cresyl violet. In an additional series of experiments, putative retrograde transport of N T-4 was investigated by implanting a piece of gelfoam soaked with 10 g of N T-4 into medullectomized adrenal glands (n ϭ 3). Spinal cord segments T7-T10 were removed after 36 hr and processed for N T-4 immunocytochemistry (see above).
Temporal pattern of reinnervation
Medullectomized adrenal glands treated with gelfoams containing N T-4 (n ϭ 8) or C yt C (n ϭ 8) were analyzed with regard to the time course of reinnervation and axon sprouting 4, 8, 12, and 28 d after surgery by synaptophysin immunocytochemistry (see above) and AChE histochemistry. AChE staining was performed according to a modification of the direct coloring thiocholine method of Karnovsky and Roots (1964) for histochemical detection of AChE activity (Andrä and L ojda, 1986) . Animals were perf used by 4% PFA, and adrenal glands were removed, cryoprotected (30% sucrose), frozen on dry ice, and cut into 10-m-thick sections. Sections were mounted on slides and stained for 1 hr at 37°C in the following solution (60 ml): 30.0 mg of acetylthiocholine iodide (Serva), 44.4 ml of 0.1 M Tris-maleate buffer, pH 5.0 (containing 0.1% Triton X-100), 6.0 ml of 0.4 M sodium citrate, 6.0 ml of 0.12 M copper sulfate, 3.0 ml of 0.16 M potassium ferricyanide, and 0.6 ml of 10
Electron microscopy. Adrenal glands from three TrkB Ϫ/Ϫ mice and three wild-type littermates (P12) were fixed by transcardial perf usion with 4% PFA, removed, post-fixed for 48 hr in 2% glutaraldehyde in PB, and embedded in Epon according to standard protocols.
Anal ysis of EM data. EM sections were analyzed and photodocumented using a Z eiss electron microscope (EM10A). One hundred synapses located on chromaffin cells of both mutant and wild-type Figure 1 . In situ hybridizations of BDN F ( A) and N T-3 ( B) mRNAs using antisense probes in the adult rat adrenal gland show specific labeling for both mRNAs in the zona reticularis of the adrenal cortex, but not in the adrenal medulla. N T-3 mRNA is apparently more strongly expressed than BDNF mRNA. Scale bar, 100 m. adrenal glands were examined. In addition, the length of the synaptic contact zones on chromaffin cells was determined on photographs at 17,630ϫ magnification using a map measure.
Determination of spinal cord IML neuron numbers in NT-4-deficient mice
In four N T-4 (Ϫ/Ϫ) adult mice and three wild-type (ϩ/ϩ) littermates, 150 l of FG (0.2%, Fluorochrome Inc.) was injected intraperitoneally, and 48 hr later animals were anesthetized and transcardially perf used with 4% PFA. Thereafter the upper thoracic spinal cord was exposed, and spinal cord segments T7-T10 were removed. After 12 hr of postfixation (4% PFA), longitudinal serial sections were performed on a vibrating blade microtome (Leica, V T 1000 E) and collected on gelatincoated slides. FG-labeled IML neurons were counted unilaterally and tested for statistical significance as described before. In addition, in three animals of each genotype (Ϫ/Ϫ, ϩ/ϩ), the numbers of Nissl-stained IML neurons were determined and compared with the data obtained by FG labeling.
Photomicrographs. Photomicrographs shown in Figures 1-6 , 8, and 10 were digitally processed for photoprints regarding brightness, contrast, lettering, and landmarking.
RESULTS

Expression of BDNF, NT-3, and NT-4 in the adult rat adrenal gland
To localize the cellular sites of neurotrophin synthesis and storage in the adult rat adrenal gland, in situ hybridization and immunocytochemistry were performed. Figure 1 shows that BDNF and NT-3 are expressed in cells of the innermost cortical layer, the zona reticularis. In addition, BDNF mRNA can be localized in some of the very rare large ganglion cells populating the adrenal medulla (data not shown). Chromaffin cells do not synthesize detectable levels of BDNF or NT-3 mRNAs (Fig. 1) . Localization of NT-3 synthesis in the zona reticularis is consistent with the previous localization of NT-3 immunoreactivity in this region (Zhou and Rush, 1993) . However, immunostaining did not reveal detectable levels of BDNF protein in the zona reticularis. As shown in Figure 2 , all chromaffin cells display immunoreactivity for NT-4. Thus, the above data in conjunction with previous evidence from RNase protection assays and RT-PCR (Timmusk et al., 1993; Suter-Crazzolara et al., 1996) and the present immunolocalization suggest chromaffin cells in the adrenal medulla as a major source of NT-4 in the adrenal gland.
Preganglionic neurons to the adrenal medulla express TrkB mRNA
Because we were not able to detect TrkB mRNA, the cognate receptor for NT-4, in the adrenal medulla by in situ hybridization (data not shown), we investigated whether IML neurons in the spinal cord innervating the adrenal medulla were a putative target of chromaffin cell-derived N T-4 by expressing TrkB. As shown in Figures 3A and 4 A-C, cells in the region of the IML were specifically labeled using an antisense probe to TrkB mRNA. To precisely localize the signal for TrkB mRNA to IML neurons projecting to the adrenal medulla, the following strategy was used. We retrogradely labeled those IML neurons that project to the adrenal medulla using FG (Fig. 4 A,E,G,I ) and subsequently processed spinal cord sections between levels T7 and T10, which contain the majority of preganglionic neurons for the adrenal medulla (Schramm et al., 1975) , for TrkB in situ hybridization (Fig. 4 B,C,D,F,H silver grains were concentrated over the IML column and could be precisely located over most of the retrogradely labeled IML neurons. As expected, there were also neurons in the IML region positive for TrkB mRNA that were not retrogradely labeled, because they project to targets other than the adrenal medulla (Fig. 4 D/ 
E, F/G, H/I ). A small number of cells expressing TrkC
were also observed in the spinal cord within the region of the IML (data not shown). Their identity in terms of being preganglionic to the adrenal medulla was not further investigated, because NT-3 mRNA had not been detected in chromaffin cells. 
NT-4, but not NT-3, rescues preganglionic neurons after unilateral adrenomedullectomy
We have previously documented that unilateral adrenomedullectomy in adult rats causes the loss of all IML neurons in segments T7-T10 that project to the adrenal medulla (Blottner et al., 1989a (Blottner et al., ,b, 1996 Blottner and Unsicker, 1990; Blottner and Baumgarten, 1992a,b) . Having now shown that chromaffin cells contain NT-4 and that their preganglionic neurons express TrkB, we investigated whether N T-4 was able to protect these neurons from death induced by target deprivation. Animals were unilaterally adrenomedullectomized by electrocauterization and received a gelfoam implant into the adrenal cavity. Gelfoams were soaked with 6 or 2 g, respectively, of either N T-4 or the nontrophic control protein cytochrome C. After 26 d, animals were intraperitoneally injected with FG for labeling all viable IML neurons (Fig. 5A,B) and killed 48 hr later. In accompanying experiments we had established that IML neurons labeled by intraperitoneal injection of FG (Fig. 5A,B) included the subset of IML neurons that could be retrogradely labeled by FB (Fig. 5C,D) from the adrenal medulla. Counts of FG-labeled IML neurons revealed a 24% (Figs. 6, 7 ) loss between segments T7 and T10 on the operated as compared with the nonoperated side in animals that had received a gelfoam implant with cytochrome C. As shown previously (Blottner et al., 1989a,b; Blottner and Baumgarten, 1992a) , this 24% loss of IML neurons reflects the loss of all spinal cord neurons at this level that project to the adrenal medulla. Animals with N T-4-containing implants (6 g) showed no significant decrease in IML neuron numbers on the lesioned as compared with the nonlesioned side (Figs. 6, 7) , suggesting that a single dose of NT-4 at 6 g was sufficient to fully protect IML neurons from death induced by target deprivation for at least 4 weeks. A lower dose of NT-4 (2 g) rescued 52% of preganglionic neurons that would have died (Fig. 7 ). An identical dose of NT-3 did not offer any protection (Fig. 6, 7) .
Retrograde transport of NT-4 was not detected
To clarify whether protection of IML neurons by NT-4 was possibly caused by retrograde transport of NT-4 from the adrenal medulla via preganglionic axons to the IML, autoradiography was performed on spinal cord sections (T7-T10) from eight animals that had received a single injection of iodinated NT-4 into the adrenal medulla. However, neither at 18 nor at 24 hr could any specific signal be detected in the spinal cord. An additional four animals injected with iodinated NT-4 plus a 20-fold excess of cold NT-4 were also devoid of labeled cell bodies in the spinal cord. However, in all 12 animals injected with radiolabeled NT-4, the adrenal medulla exhibited strong labeling. Moreover, intraadrenal implants of nonradioactive NT-4 (10 g) did not result in an immunocytochemically detectable signal in the IML of the spinal cord after 36 hr.
NT-4 induces axon sprouting after adrenomedullectomy
In the absence of evidence that NT-4 was retrogradely transported from the adrenal medulla to the spinal cord, we hypothesized that NT-4 applied to the medullectomized adrenal gland might not require transport and act locally on axon terminals, e.g., by inducing sprouting of lesioned axons and thereby facilitating their access to alternative trophic factor sources. Staining for AChE activity and synaptophysin immunoreactivity (ir) were used as markers for visualizing axons in animals 4 weeks after surgery. Figure 8 B shows that AChE-positive fibers penetrated into NT-4-containing, but not into cytochrome C-containing, gelfoams (Fig. 8 A) . Moreover, NT-4, but not cytochrome C, induced abundant sprouting of synaptophysin-ir axons in the cortical zona reticularis immediately adjacent to the NT-4-containing gelfoam (Fig. 8C,D) . Analyses of the time course of appearance of AChE-and synaptophysin-positive nerve fibers in adrenal glands carrying NT-4-containing gelfoam implants revealed no axonal sprouting 4, 8, and 12 d after surgery (data not shown). These results suggest that axonal sprouting in response to NT-4 is a relatively late event
Mice deficient for TrkB show signs of degeneration of adrenal medullary axons and reduced adherence of synaptic contacts to chromaffin cells
Having shown that exogenously applied NT-4 stimulated growth of AChE-and synaptophysin-positive axons in the lesioned adrenal medulla, we asked whether mechanisms involving signaling through TrkB might be implicated in axon growth and synapse formation in the early postnatal adrenal medulla. For this analysis we used mice deficient for TrkB rather than NT-4 knock-out mice, because we intended to exclude a putative interference of the TrkB ligand BDNF that is synthesized by IML neurons (data not shown). During ontogeny, the preganglionic nerves to chromaffin cells invade the adrenal medulla at E15 and can be identified in apposition to chromaffin cells starting at E17 (Millar and Unsicker, 1981) . A functional innervation indicated by stress-or insulin-mediated discharge of catecholamines commences during the second postnatal week (Kirby and McCarty, 1987) . At this time TrkB-deficient mice exhibited pronounced degenerative changes in axon terminals adjacent to chromaffin cells. Figure 10 shows that 20% of axon terminals adjacent to chromaffin cells contained signs of degeneration in TrkB knock-out mice as, e.g., whirls of membranes, dense bodies, and swelling (Figs. 9, 10 ). In contrast, identical ultrastructural changes occurred in only 4% of adrenal axons in wild-type littermates (Fig. 9) . In addition, determinations of the length of apposition of axon membrane to chromaffin target cells indicated that there was a reduction of 25% in TrkB mutants as opposed to wild-type mice (Fig. 9) .
IML neurons are decreased in adult NT-4-deficient mice
To investigate the putative relevance of adrenomedullary NT-4 for the maintenance of adult IML neurons, numbers of FGlabeled IML neurons in spinal cord segments T7-T10 were determined in adult NT-4 (Ϫ/Ϫ) mice. As shown in Figure 11 , numbers of IML neurons in NT-4 (Ϫ/Ϫ) mice were reduced by 14% as compared with wild-type littermates. Counts of Nisslstained IML neurons provided identical results (data not shown), suggesting that IML neuron losses in NT-4 (Ϫ/Ϫ) mice were not caused by altered transport of FG. These data strongly suggest that NT-4 is essential for the maintenance of a subpopulation of IML neurons.
DISCUSSION
Preganglionic neurons to the adrenal medulla and its chromaffin cells are crucial in regulating synthesis, storage, and secretion of catecholamines and neuropeptides in chromaffin cells, thus contributing essentially to vascular and metabolic body functions Blaschko et al., 1975; Winkler, 1993) . The present data indicate that N T-4 and its cognate receptor, TrkB, are important in determining structural integrity of the preganglionic nerves of the adrenal medulla and survival of preganglionic neurons.
Neurotrophins and their receptors in the adrenal medulla
Evaluation of the present in situ hybridization and immunocytochemical data in conjunction with previous RNase protection and RT-PCR studies suggest that N T-4 is the only neurotrophin detectable in adult rat chromaffin cells with the methods used. Virtually all chromaffin cells are immunoreactive for N T-4. NT-4 is the most divergent member of the neurotrophin family; its expression is ubiquitous and less influenced by environmental signals (for review, see Ibánez, 1996) . Furthermore, our in situ hybridizations provide no evidence for BDNF or N T-3 synthesis by chromaffin cells. Rather they suggest that the large sympathetic ganglion cells in the adrenal medulla are a source of BDNF mRNA within the adrenal medulla, consistent with the observation that sympathetic postganglionic neurons synthesize BDNF (Causing et al., 1997) . NT-3 mRNA was expressed by cells in the zona reticularis, confirming previous immunocytochemical results by Zhou and Rush (1993) .
With regard to adrenal neurotrophin receptors, we (Schober et al., 1997) and others (Michael and Priestley, 1996) have shown that a majority of chromaffin cells in the postnatal rat and mouse adrenal medulla express TrkA. With regard to TrkB and TrkC, our in situ hybridizations revealed weak signals only in the adrenal cortex, but not over medullary chromaffin cells. Taken together, the available data suggest that targets for the chromaffin cell-derived NT-4 may be sought outside the adrenal medulla, either in the cortex or in the innervation of chromaffin cells.
TrkB mRNA is expressed by preganglionic neurons in the spinal cord innervating the adrenal medulla
It has been reported previously that preganglionic neurons are immunoreactive for full-length TrkB and hypertrophy in response to increased sympathetic neuron-derived BDNF (Causing et al., 1997) . In the present study we expanded these data by demonstrating TrkB synthesis in IML neurons and matching TrkB mRNA localization to those preganglionic neurons that can be retrogradely labeled with FG from the adrenal medulla. Consistent with the fact that those spinal cord segments that contain the largest proportion of preganglionic neurons for the innervation of the adrenal medulla also harbor IML neurons projecting to other targets (Schramm et al., 1975; Pyner and Coote, 1994) , there were also TrkB mRNA-positive IML neurons lacking a retrograde label.
NT-4 rescues target-deprived IML neurons that innervate the adrenal medulla: possible mechanisms
If chromaffin cell-derived NT-4 is a growth factor for preganglionic neurons, then we would predict that depriving them of NT-4 would cause structural and/or metabolic changes in IML neuronal cell bodies and their axons. Our data support this notion. Disappearance of the FG-labeled cells rather than a phenotypic change, e.g., enzymatic marker, proves the loss of these IML neurons. Substituting NT-4 at 6 g fully prevented these changes for at least 4 weeks, indicating that NT-4 in fact may be the key target-derived trophic factor for preganglionic neurons, projecting to chromaffin cells. The effect is specific in that NT-3 (this study) and NGF (Blottner et al., 1989b) , which are not expressed in the adrenal medulla, cannot protect IML neurons after adrenomedullectomy.
In an attempt to unravel the underlying mechanisms, we examined the question of whether NT-4 was retrogradely transported from the adrenal medulla to the spinal cord. Although negative data are always difficult to interpret, our results suggest that NT-4 may not be transported in this system. Multiple evidence suggests that retrograde transport of a neurotrophic factor is not an absolute prerequisite for transferring information from the site of ligand-receptor interaction in the terminal region of an axon to the neuronal perikaryon. For example, FGF-2, on binding to the receptor, is known to activate a set of G-proteins, which are subsequently transported to the cell body acting as retrograde messengers (Hendry et al., 1995a,b) . Our data are consistent with previous studies [Curtis et al. (1995) ; Ryden et al. (1995) ; for review, see Ibánez (1996) ] that have failed to document retrograde transport of N T-4 in comparable systems. Several growth factors have been shown to stimulate axonal sprouting, thereby enlarging the terminal field of the axons and facilitating access to neurotrophic factors (Gurney et al., 1992) . Both the prominent ingrowth of AChE-positive axons into NT-4-containing gelfoams and the dense meshwork of synaptophysin-ir axons in the vicinity of the NT-4-soaked gelfoam indicate that the application of NT-4 significantly stimulated axon sprouting. This result is reminiscent of the observation that intramuscular administration of NT-4 induced sprouting of intact adult motor nerves (Funakoshi et al., 1995) . Accordingly, the rescuing effect of NT-4 for target-deprived IML neurons may be the result of an increase in arborization and surface area of terminal axons, which may improve their access to other trophic factors. Such neurotrophic factors might be delivered by cortical or vascular cells. FGF-2 and TGF-␤ are factors synthesized in cortical cells (Thompson et al., 1989; Chambaz et al., 1996) , inducible by lesioning (Logan and Berry, 1993) , and able to rescue target-deprived preganglionic neurons (Blottner et al., 1989a,b; Blottner and Unsicker, 1990; Blottner et al., 1990) . Axonal sprouting in response to NT-4 was not observed during the initial 12 d after surgery. Because IML neurons do not display visible signs of degeneration until 2 weeks after adrenomedullectomy (Blottner and Baumgarten, 1992b) , an axonal sprouting 
